Panel Discussions on Total Solar Irradiance Variations and the Maunder Minimumn

J. M.Pap!, and O.R. Whitc?

1. Mcasurements and models Of total solar irradiance

1. Summary of the results onirradiance variations: J.M, Pap and R. C. Willson,
JPL

Y¥or more than a deccade, lotal solar irradiance has been monitored froin scv-
cral satellites, namély the Nimbus-7, Scalar Maximum Mission (SMM), the NASA
ERBS, NOAA9 and NOAA1O, KURECA, and the Upper Atmospheric Rescarch Satel-
lite (UARS) (e.g. Willson and Hudson, 1991; oyt et al., 1992; Mccherikunncel et al.,
1988; Romero ct d., 1993). These observations have revealed variations in total irra-
diance ranging from minutes to the 1 I-year solar cycle (IFigurc 1, from Irohlich 1993).
The very small, rapid irradiance {l uctuations arc due to solar oscillations (Woodard
and Hudson, 1983; Frohlich,1992). The short-term variations (from days to months)
arc directly related to the evolution of active regions via the combined cffect of dark
sun spots and bright faculac (Chapman, 1 987). The most important discovery of ir-
radian cc observations is the 0, 1% peak-to-peak variation in total solar irradiance over
the solar cycle (Willson and Hudson, 199]). This solzLr-cycle-rclzLtcd variation of total
irradiance 1S attributed to the chianging cinission of bright magnctic clements, including
faculac and the magnetic network (Foukal and Lean 1988). This solar cycle variability
may aso berelated to changces in the photospheric temperature; however it is not clear
as yet whether this change can be linked to the bright network comnponent (Kuhn et al.,
1988).

Although considerable information exists about the variations in total solar irra-
diance, the underlying physical inecchanisms, especially that of its long-icrim variations,
arc not well understood as yel. YFurthermore, several theories for explaining the re-
radiation mechanism of the missing energy inthe sunspot-related irradiance dips have
been pul forward. One p articular part Of the theorics suggests that the reduced radia-
tion results in storage of the Mocked heat flux as thermal and potential energy of the
convection zone around a spot, and this enecrgy is re-radiated over the long radiative
relaxation time of the layers cflected by the spot (IFoukal, 19815 Spruit, 1982a,b; Foukal
S A.];tﬁl)ropulsion Lal;bmtory, California Institute of Technology, 4800 oak Grove
Drive, Pasadena, CA 91109
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ct al., 1983; Spruit,1993). Recent numerical convection mnodels of cucrgy and material
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I'ig. 1. Obscrvations Of total solarirradiance by the Nimbus-7/ER13, SMM/ACRIM |,
UARS/ACRIM Il, and EURKCA/SOVAZ radiometers arc plotted.

flowing around a sunspot do not indicate long-tern storage of the heat flux, but show
that most of the hcat flux blocked by sunspot-like objects (mmagnctic perturbations) re-
appcars a the surface, although some fraction of the blocked flux is carried horizontally
far from the object (Fox et a., 1992; Fox and Sofia, 1993). Another explanation suggcests
that the energy blocked by sunspots is stored in the mnagnctic ficlds of the spots, in
which casc sunspots should cause dips intotal irradiance during the early stage of
their development (Wilson) 1981 ), as it is shown by somc of the statistical analyscs
(Pap, 1985; Irohlich and Pap, 1989). A dow down flow is also supposed around the
spots during their growing phase that iscapable of transporting; th ¢ blocked cncrgy to
surrounding regions where it cmergesas facular ecuhancement (Schatten ct al., 1986).
Some calculation indicates that the facular excess flux can compensate the spot deficit
on active regionstime scale (Chapinan, 1987).




1,2, History of irradiance obscrvations: R.C. Willsonand J, M. Pap, JPL

Since the radiative output of the Sun is the main driver of the physical processcs
within the Earth’s atmosphere, the preciscand continuous determination of the value
of totalsolar irradiance and its variation is extremely important. Therc arce indications
that changcesin the solar energy output influcuce the Earth)s climate on time scales
ranging from the Gleissberg cycle (Reid, 1987; Friis-Christensen and Lassen, 1991) up
to the Maunder type of climatc anomalics (Lean ct a,, 1992). Furthermore, it is shown
that persistent variations in total solar irradiance (as small as 0.5%) over a century
could have explained a wide range Of climnatic changesthal occurred in the past (1ddy,

1977), Therefore, one of the main questions to be addressed is:

What do wc nced to achicve lol]g-term high precision irradiance databasc for climatic
studies?

The first attempts to detect variations in total solar irradiance started as early as
the beginning of this century. The first continuous obscrvational program of total solar
irradiance was performed at the Sinithsonian Institution over the first half of the 20th
century (Abbot, 1925;loyt, 1979). During the following 30 years, experiments with the
samc objective were conducted using aircraft, highaltitude balloons, sounding rockets,
and spacc flight platforins (Frohlich, 197 6). All these experiments were unable to detect
variati on s in total irradiance that were unaimnbiguously solar inorigin. On the one hand,
the intra- atmospheric experiments were highly cffected by the selective absorption of the
terrestrial atmosphere that mnasked solar induced irradiance variations from cven nigh
flying aircraft and balloons, Onthcother hand, failure of cxtra-atinospheric experiments
on rockets and carly satellites was duc to thelack of suflicient radiometric accuracy.

Significant developinent in radiometry in the late sixties led to the developiment
of the clectrically self-calibrat,il]g active cavity irradiance detectors at different institu-
tions: at the Jet Propulsion Laboratory (Willson, 1984 ), ¥ppley laboratory (I lickey
and Karoli, 1974), World Radiation Ceuter a Davos, Switzerland (Brusa and Frollich,
1972), and at the Royal Metcorological Institute of Belgium (Crommelynck, 1'373).
These new radiometers arc capable of mcasuring total solar irradiance with an absolute
accuracy Of + /-0.2%. The developnient Of these new type Of radi oineters and loxl~-term
flight opportunitics froin space led to the discovery of changes in total irradiance rclated
to solar activity.

The first long-terin solar irradiance monitoring experiment was the Barth Radi-
ation Budget (ERB) on the Nimbus-7 sat cllit ¢ that provided irradiance database fromn
late 1978 to early 1993 (Kyle ct al., 1993). The Nimbus-7/IRB experiment was followed



by the ACRIM | and ACRIM II on aboard the Solar Maximun Mission (SMM) and
Upper Atmospheric Rescarch Satellite (UARS), respectively (Willson,1993);and by the
SOVAland SOVA2 experiments on ISURKECA (Crommelynck et d,, 1993, Romncero ctal.,
1993). The demonstration that these experiments (KRB, ACRIM I and 11, SOVAL and
SOVAZ2) showed the large excursions clue to passage of large sunspots across the center
of the Sun’s disk convinced the skeptics that the darkening cflects of sunspots on the
total irradiance had indeed been detected. Furthermore, comnbination of KRB, ACRIM
[, and ACRIM Il give the solar cycle amplitude of the irradiance change from 1978 to

1993, covering two solar maxima and onc solar minimum. The diflerent observations of
total solar irradiance arc summarized in Figure 2 (fromn Willson, 1993).
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Fig. 2. Summary of the past and current irradiance observations is prescnted. Forth-
coming irradiance observations of NASA and ESA arc a0 indicated.

However, the current absolute accuracy of the operating active cavity radiome-
ters (-1 /-0.2% S1) is dtill not adequate to provide lollg-term irradiance databasc for
climatic studies, Thercfore, the main goal is to build high-precision irradiance dat abase
that covers several solar cycles, IFor this purpose continuous observations of total solar
nradiance with the same type Of instruncut with an overlapping strategy is nceded to

provide the maximun precision duc to the smaller numnber of possible degrading vari-




ables. This approach can provide a long-term irradiance database with precision better
than 50 ppm over decades that is suflicient to reveal variation as small as 0.5% over a

cent ury.

Since the overlap requirement cannot always be achicved (c.g. failure Of satcl-
lites and/or lack of' flight opportunities), data sets gathcred by different instruments
should bcused as a backup. For this purpose, extcusive comparison of diflferent flight
instruments during the overlapping portion of their issions is required. In the case
Of the gap between SMM/ACRIM I and UARS/ACRIM II data, their adjustient is
achicved through their numerical intercomparisons with the Nimbus- 7/ERB data. Sys-
tematic variations arising due to differing inherent responses and flight  environments
must be removed to make maximum quality comparisons. With these adjustments, the
rclationship between ACRIM 1and ACRIM II should be cstablished to better than 50
ppm (Willson, 1993).

A new type of radiometers: the cryogenic radiomecters can achicve a higher ac-
curacy than the operating active cavity radiometers (Martinand Fox,1993).However,
cryogeuic radiometers operating near the temperature of liquid e (j 20 K) can provide
an order Of magnitude smaller S uncertainty ill the laboratory environm cut than am-
bient temperature devices. Their S1 uncertainty (probably not less than -} /- 200 ppm
Slin flight experiments) is still above that required by the long-term climate data base.
Further, the sinall apertures required, duc to the need for power by the Stirling cycle
He coolers, makes them much more vulnerable to contamination than larger ambicent
temperature radiometers. They may not provide thie consistent mcasurcinent ability of

ambient temperature instrumentation that facilitates the precision overlap capability.

1.3. Overview of thc available surrogates for irradiance models: O.R. White,

1HAO

The detection of total irradiance variations by satellite-based experiments during
the last 1 5 years stimulated modeling efforts to help identify their causes and to pro-
vide estimates of irradiance data for time intervals whien no satellite obscrvations exist.
Since thereis no adequate quantitative physical model for the variations in total solar
irradiance, onc has to rely on empirical irradiance models based on ‘proxy’ indicators

of solar activity,

Thercarctwo basic sources of our mcasurcs of solar activity as far as solar
irradiance is concerned: (1) Full disk measurcinents of solar output, i, C., the Sunasa
star (direct irradiance mecasurcinents), and (2) Images of the Sun showing the presence

of dark sunspots, bright faculae, and bright nctwork. Historically, iinages were used in
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Wolf's and Schwabe’s work first to define the solar cycle on the basis of sunspot counts.
With the discovery of solarradio emission and development of methods for accurately
measuring radiative cuergy from the Sun at radio wavclengths, we scc Covington’s usc
of the 10.7 cmradio flux in 1947 as a mcasurc of activity onthe Sun as astar. With
the development of precision spectral photoimneters and solar magnctometers, scveral
lollg-term cxperiments began inabout 1975 to measure solar magnetic ficldsin the
photosphcre and chromospheric activity as shown by Hel, Mgll, and Call lines, The
four principal full-disk radiometric indices are:

Ty pe Time
~ cst. precision ~Wavelength/line I'cried ~ Mecasurcinent
~ Radio flux T 107 em™ 1947-1993 absolute {lux 1 0/0
Spectral line Call K 1974-1993 dative flux1%
Spectral line el 10830 197s-1993 relative flux 2%(?)
~ Spectral line_ Mgll h&k 1978-1993 relative flux 2%(?) __
1 stress that the line indices arc chosen because these emissions show the bright
structures associated with sunspots on the solar disk withiinuch higher Contrast than ill

the pliotosplieric spectrum. Thisis preciscly wily they arc chosen asin dicitors Of solar

aclivity.

The principa indices derived froin solar images arc the Zurich sunspot nuinber,
plage index, magnetic ficld index, and the photometric sunspot index (PS1). Fach index
has its own virtue of length of mcasurciment, completencess, or precision. The magncetic
and photometric sunspot indices arc the only ones bascd on quantitative incasurcinents
of the solar magnetic ficld or sunspot size and brightness. The tiime series arc sumnmia-

rized as follows:

Type Tune
est. precision Wavelength /line Period Mecasurcment
" sunspot no, white light 1610-1993 sunspot counts 7 ‘- -7
plage index Call 1< 1958-1987 area, intensity ?
magnetism Fel lines 1975-1993 zceman cflect 15%
_ __PSL white light 1980-1993 Sunspot arca, Contrast 2

With the advent of high quality clectronic cameras, a new gencrati on of solar
imaging experiments produce new indi ces for the facular excess the bright features

- and the sunspot deficit - the dark featurcs - on the solar disk. These mcasurcs are




photometric quantities usable dircctly in analysis of the sources of variability in to-
tal irradiance measurements, but they do not explicitly distinguish between individual
sunspots and plages on the visible solar disk. The analysis is statistical and requires

very stable 1mage recording through the full optical train.

The source of these new types Of incasurces is as follows:

MTavclcngtll/line observer
___ Obscrvatory period time
" Ssan Yernando — Call K & 6723A° Chapman 1990-1993
NSO (U. S) Call K Harvey 1992-1993
'NAO.(Japml) 5450,7770A Nishikawa 1988-1989, 1992

The time base is still quite short because the technique is new, but these cx-
periments arc the basis for development of precision photometric {clescopes in the U.S.
SunRlisc program. Chapinan (1993) shows that relative variations in the total irradi-
ance can be recovered well for large sunspots that arc easily identified. Early usc of
thc statistical image analysis technique by both Chapman (1993) and Nishikawa (1993)

also gives reasonableestimates Of th C relati ve variati on of thetotalirradiance.

In addition to contemporary mcasurcients, we have historical sets of solar spee-
trohicliograms from Mt. Wilson Obscervatory, Mcudon observatory) and Kodiakanal
Obscrvatory extending back to about 1 91 O, Both the Mt. Wilson and Mcudon imagces
arc being digitized and will be analyzed to give new sets of Call K line data defining
variability of plages over the last 80 years, The Mcudon program is of particular in-
terest since three wavelengths sanpling three levels from the photosphere to the upper

chromosphecre, i.e., corc and wing of the Call K linc and the core of the H] alpha linc.

1 cmphasize that all of these groullcl-based 1ncasurcients arc narrow band 01’
'point’ measurcments in the solar spectruin from which wc are trying to infer the arca
under the solar energy distribution curve as well as its shape. Furthermore,most of our
available ‘points) in the spectrum are spectral lines (Call X, MgII k, el 108.3) or radio
cinission (10.7 cin) more scusitive to solar activity than the lower levels where the total

solar irradiance origin ates.

The accuracy of our estimnates of total solar irradiance is limited by the inaccuracy

of the mmapping spectral irradiances fromn these wavclengths to the total irradiance.
1.4. Swinmary Of current irradiance models: J.M. Pap, JP1.

Considerable effort has been made to combine the 1 5-ycar record of total solar
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irradiance from space with a varicty of solar mcasurements more scusitive to solar
activity in an cflort to extend the absolutc output rccord backward in time as far as is
possible, However, the fundamecutal question is:

Whether the empirical models of total solar irradiance based on the described  surrogates
can reasonably predict solar irradiance changes with the long-term precision required
by climatic studics?

On the one hand, the current empirical models of total irradiance, developed
from various solar activity indices, such as the Ilc-line equivalent width (Foukal and
Lcan, 1.988), several Iraunhofer-lines (Livingston ct al., 1988), the 10.7 cm radio flux
(Brandt ct al., 1993; Frohlich, 1993), and the Mgll h & k coreto-wing ratio (Pap ct al.,
1993), disagree significantly with the irradiance observations at the maximum of solar
cycles 21 and 22 (Figure 3), Results of multivariatc cross-spectral analysis show that
considerable variation remains unexplained in total irradiance after removing the effect
of sunspots aund bright magnetic clements, and the residual variability changes with the
phasc of solar cycle (Pap and Irohlich, 1992; Figure 4).

The lack of agrecement between the measured total irradiance and its modcl
estimates from other full-disk solar indices is a current outstanding problem in the
study of solar-cycle-related irradiance variability. Once of the largest uncertaintics in the
irradiance models comes from the lack of knowledge of the cffect of faculae, principally
because of the lack of accurate long-term synoptic data. The full disk observations of
faculac started only in 1988 by Nishikawa and recently by Chapinan in1990; however,
these results arc not yet incorporated into the irradiance modecls. On the other hand,
previous studies have shown that besides the faculac, the magnetic network contributes
to the changes in total irradiance, especially onlongtime scales (Foukal and Lean,
1 988; Willson and Hudson, 1988). It should be mentioned, however, that these new
photometric observations do not include the bright magnetic network because of the
difficulty of the preciscincasurciment of its arca.

Therefore, most of the irradiance variations related to the bright magnctic {eca-
tures (faculac and the magnetic network) arc modeled by chromospheric surrogates such
as the Call K index, the full disk equi valent width of the ]lc-line at 1083 mn, Mgl 1 h
& k core- to-wing ratio, and the 10.7 cin radio flux, although morc than 90% of the
total radiative flux of the Sun is emitted from the photosphere. However, the conversion
factor between the arca and intensity of photosplicric and chromospheric plages is not
kuown, the center-to-limb behavior of the contrast of white light faculac and that of the
Ca X plages is quite diflerent (Chapman et a).,, 1992; Schatten and Mayr, 1992). The




Total Solor Irradiance & its Model Estimate

Y372 e g Jrrerstoer SRR T T o
Heovy lines: SMM/ACRIM | ond UARS/ACRIM Il 4 PSI
Solid” line: Irradionce eslimote from Mg ¢/w rolio
a
1370
B
1368 /‘
B1- doy running meons
1366 | tunnbisssual fuguailueed L 1 Ll t \ Yo i
78 79 80 81 82 83 84 8586 87 8ssy 90 91 92 93 94
YEARS
Totla | Solar Irradionce & 1tS Model Estimaote
I R R R U R T R A LR U BT AU RL R AR
Heavy line: Nirbus— 7 4 PSI
Solid’line: lrradionce estimaole from Mg ¢/ w rolio
b
1374 |-
£ rﬂ ' ‘[:\ :
= 1 \
1372
81 -cloy running means
1370 L.u.....l....u...l....“...l.........l.........l.........nm.....h....u..l.‘....u.m......‘.l.u,.....xu.m...1......‘..|....‘.‘..m......,h,,m,
78 79 80 8! 82 83 B4 B85 B6 B7 88 B9 90 Y1 92 93 94

YEARS

¥ig. 3. The heavy lines Show the 81-day running means Of the Nimbus-7/15RB () as
well asthe SMM/ACRIM | and UARS/ACRIM Il (b) total solar irradiance corrected for
sunspot darkening. The solid lines represent the 81-day running mcans Of the cinpirical
model of total solar irradiance corrected for sunspot darkening,.

current spatially resolved plage data set is combined from three different and incoherent
data sets (obtained a the McMatl Obscrvatory from Deccmber 1970 until September,
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1979, Mt. Wilson observatory from October 1979 to August 1982, and Big Bear Solar
Obscrvatory from Scptember 1982 to November 1987); however, most modelers are not
aware of this fact, Sincethe BigBear data reduction ended 1 November of 1987 because
of budget cuts, no intensity and arca data of Call K plages are measured and published
on a routine basis (Marquetic, 1992). Jurthermore: it should also be meutioned that
these plage data exclude the reinants of plages, which still cause a significant variation
in both total and UV irradiances (Pap ct al., 1991).
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Fig. 4. The upper pancls show the power spectra of the SMM/ACRIM I total solar
irradiance for the time intervals of 1984-86 and 1987-89, respectively. The shaded arcas
give the portion of the ACRIM variance explained by the PSI and the He-line equivalent
width at 1083 1, respectively. The lower pancls show thetotal and partial coherences
squarcd.

Variability of the el cquivalent width index and the 10,7 cin radio flux is rather
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complex: variation of both indices has a coronal contribution that is not present in the
lower solar atmospliere where the total irradiance originates (I larvey, 1984; Tapping,
] 987). While most Of the variation ill the Helline equivalent width is related to plages,
about 15% of its variability is related to dark filaments that do not effect total irradiance
(Harvey and Livingston, 1993). This cflcct of filaments is also prescut in the indices
derived from optically thick lines such as Call K, Mgl | k, and 11-alpha. Furthermore, it
is not clecar whether the irradiance cflect of the quict chromnospheric network contributes
the samc as the plage-related variation of the Hel line (Harvey and Livingston, 1993).
The 10."7 cm radio flux has contributions {from both free-free (bremsstrahlung) emissions
(rclated to the weaker fields of plages and the network) and gyro resonance emission
(rclated to the strong magnetic {iclds of sunspots). A more rccent analysis suggests that
the free-free contribution from the low chromosphere dominates its variability, cxcept at
the time of very high solaractivity (Tapping, 1993).1t should aso be mentioned that
the lack of good synoptic data sets for sunspots, especialy during the last 15 years when
high precision irradiance observations exist, introduce additional uncertaintics into the
irradiance models. The publication of high precision arca and position of sunspots in the
Greenwich Cataloguc ended in 19'iG, Since then the sunspot obscrvations are reported
in the NOAA World Data Center Solar Geophysical DD ata catalogue with much less
precision. The current precision of the sunspot arca measurcments is 20-25% for large
spots, but it can be as high as 50% for small spots (Sofia ct al., 1982). Irohlich ¢t al.
(1993) have recently demounstrated that the irregularities i the sunspot arca cause the
largest uncertainty inthie PSI. Theresults Of sunspot photometry Show that the contrast
of sunspots depends on the arca of sunspots (Steincgger ct al., 1990; Chapman ct al.,
1992) and the current 1-’S1 model overestimates the sunspot, cffect ontotal irradiance
with about 40% (Braudt Ct al.,1990). Moreover, the change Of the contrast Of sunspots
over the solar cycle (Maltby ct al., 1980) is not taken into account in the irradiance

modcls.

It has been shown that the evolution of active regions plays an important role
in the clianges of total irradiance (Will son, 1982; Pap, 1985; Frohlich and Pap, 1989).
However, neither the evolution of sunspots or plagces is taken into account in the current
irradiance models; only mecan values of contrast for these structures go into the regression
calculations. NoO broad statistical study of the change of radiation from the sunspots
and plages duc to their evolution has been clone to give us the nceded data to improve
the empirical transformations. IFull disk mcasures of solar activity, suchas the He-
line cquivalent width, Mg core- to-wing ratio, and the 10.7 cm radio {lux contain the
evolutionary changes but in an undifferentiated forin where sunspot, plage, and network
contributions cannot be scparated.
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As has been described above, the principal sources of the total solar irradiance
variability are known to be sunspots and bright faculac and plage regions. However, wc
still need to scparate a quict-Sun component from a chromospheric network component
toaccount for the totalamount Of radiation from layers above the photosphere. Thus,
there is the possibility of slow secular changes both in the network and globally in the
Sun that remain unmeasured at this time. In addition to the unmecasurced lol~g-term
changes, we also scc the underestimate of total irradiance by surrogates of chromospheric
origin at the times of solar maximum inthe last two solar cycles.

Wc cannot assuine that the difliculty lies in an instrumental problem: we must
also consider that the empirical mmodels fail at solar maximum because of a chiange in how
the solar atinosphere responds to the presence of strong magnetic ficlds sustained over
the 2-3 years of solar maximuwin. The cmpirical regression models derived from the full
disk surrogates arc controlled by the ascending and descending phascs of the solar cycle
aud not by the mutual behavior of the various mecasurcments during solar maximum.
Thus, itmaybethat we simply do not have the saine empirical transformations between
total irradiance and surrogates such as Call K, 10.7 cin, Hel 1083, and Mgll h & k at
solar maximumas during the p criods when the emerging magneti ¢ flux is both low and

changing steadily at the beginning and end of a solar cycle.

Since the physics of the formation of the total irradianccand our common solar
activity indices isnot identical, our empirical modcls give only cstimates with a precision
of afew percent for the variability of the total solar irradiance clue to both sunspots
andfaculac(plages), Thisinherent limitation of the current simple cinpirical models of
total irradiance must be taken mto account when irradiance models arc used in climatic
studies. Considering the significance of irradiance variations as a potential natural
source of climatic changes, continuous obscrvations of total irradiance from space arc
required to maintain along-terin, high precision irradiance databasc for climatic studics.
In parallel with the direct irradiance observations, advanced theoretical and statistical
st udics arc necessary to underst and Why, how and 011 what timescalethetotalradiative
output of the Sun changes and thus, to reconstruct and predict the solar induced Climatic

changes.
1.5. Discussious led by J.M. Pap

Schlesinger: This is all very depressing. Do we really have to wait 50 ycars
for the data to accumulate before wc can answer this question of solar influence? Arc
there any simplifying insights or pivotal experiments that can be used to speed up our

understanding Of solar change and its cffect in the atiosplicre?
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Parker: Given the complexity of both the solar atmosphere and the Earth’s
chimate system, it will probably take 50 years to really understand how and why they
vary as they do.

Schlesinger: Cannot we clarify the cxistence of long-termirradiance changes from

obscrvations prior to the space observations?

Pap: The current absolute accuracy of radiometers is low (+/- 0,2$%), thercfore
individual mcasurements froin the ground, balloons, aircraft, rockets, and from the space
shuttle cannot reveal the small amplitude changes in total irradiance. in case of the
weasurcments from the ground, balloons, and aircraft, the atmospheric cflccts cannot
be neglected, the accuracy of these mcasurcments is not better than 1%. Thercfore,
lollg-term, high precision irradiance observations from space with overlapping strategy
arc nceded to reveal the climatically significant irradiance changes.

Lean: 1t is not yet deterinined whether the discrepancy between irradiance ob-
servati on s and models IS solar, rather than instrumental, effect, especially in the late
seventics and in 19S0 considering the degradation of the instrumments. Pap: Thedegra-
dation of the SMM/ACRIMI instrument was 600 ppin over its 9.5 years of operational
interval. Thedegradation of the radiometers are caused by the high energy solar fluxes,
such as the UV and particle fluxes. Because of this, the ACRIM instruments contain
till’cc radiometers: once of themmeasures the solar cuergy flux continuously, thesccond
onconcea month, and the third one is exposcd to solar radiation ouly in every sccond or
third month. With this opcerational mnode, the change of total irradiance clue to the
strument degradation was corrected to a 50 ppin level, The diflerence between ACRIM
Hotal irradiance and its model estiinate in 19S50 was 300 ppm andit is well above
the degradation level, Furthermore, the Nimbus-7/12RB instrument which started to
operate in late November of 1978 showed the same trend as the ACRIM | instrument
in 1980.

Ivohlich: Furthermore, the degradation of the SOVA instrument on 18 URECA
during the first month Of its operation was the samc as that of the ACRIM I.

Hoyt: There is adiscrepancy between the solar irradiance models and the
Nimbus-7 mcasurcments for 1979-1980 and 1987-1988. The mcasured irradiance is
higher than the model values and modclers often ask what is wrong with the mcasure-
ments. in order to force the measurcinents to match the model, the algorithm to reduce
the counts to irradiances could be changed. Changes in the pointing, temperature sen-
sitivily, elec tronic gain, or contammination could be made, but there IS no experimental

eviden ce to make the algorithm changes. 1venif the changes could SC) 111C]J10W be made,

in-
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the results after 1980 would probably be altered SUCh that a new mnodel/incasurcment
disagrecment would occur. YFor 1987 and later, the Nimbus-7 radiometer was operating
under incrcasingly favorable conditionsas other platform instrumcnts were turncd ofl.

Any diflerences then arc even harder to explain by mecasurements problems.

Pap: It should be added that the UARS/ACRIM 11 total solar irradiance is
also well above the irradiance estimnates computed from our standard surrogatcesat the
maximum Of solar cycle 22, This diflerence strongly suggests that irradiance valucs
cannot be estimated accurately during solar maximum, Research at the U .S, National
Solar Observatory and at the J et Propulsion Laboratory will determine if the magnetic
activily during the inaxima of both cycles 21 and 22 provides a. mechanism to cxplain the
difference. We should keep inmind that our common surrogates arc radiations formed in
atmospheric layers higher thau the photosphere where more than 90°% of total irradiance
is emitted. Thercfore, these indices represent diflerent physical conditions than in the
photosphere. Because of the lack of a physical theory to describe the radiation emitted
by different solar structures, we ac unable to map radiative losses from higher layers to
those lower down accuratcly and, thus, explain the difference between observation and

our current cmpirical models.

Livingston: The observations at the Hc | linc at 1083 mm were cssentially per-
formed to study coronal holes. It has been asurprise that the correlation between the
variations inthe He-line equivalent width and total as well as UV irradiances IS SO good.

White:  “1'0 improve the surrogates used in the irradiance models, digitization
of different features (sunspots, faculae, network) is nceded from a new set of Call K
images and maguctogranis. As a further step, computation of the solar spectral cucrgy
distribution is necessary, taking into account the new photometric results from Chiapman
and Harvey using, image analysis.

11. Solar Output in The Maunder Minimumn: O.R. White, HAO
a How well do we know the Sun’s output in the Maunder Minimum?

Wc have three methods for estimating the Sun’s total irradiance in the Maunder
Minimum: 1) decrcase in solar encrgy required for the amount cooling in the terrestrial
atmosphere in the 17th century, 2) extrapolation of empirical mmodcels back in time, and
3) estimates from starsin a ’Maunder Minimuin’ state. The estimnate of the decrcasc of
irradiance fromn contemporary val ues ranges from ().20/0 to 0.7% With a consensus valuc
at about 0.3% .

Discussion led by O.1R. White




Schlesinger: What is the range of variation in the solar input do wc have to
consider reaisticaly?

White: Zero to 1percent in the radiative output. This estimnate allows for factor
of 2X on both the low and high side of current estimates from extrapolation of the
regression formula back 300 years, The statistical realities in this extrapolation arc
horrible because we go well outside the fitted range. | aso included the low values
obtained from the analysis of solar-type stars (Baliunas,ct al,, 1993) in this guess as
well as the bias to the high side from Damon’s early cliinate model analysis (Jirikowic
and Damon, 1993). Other sourccs for estimates of the solar output in the Maunder
Minimum are Lean, et al. (1992), Nesme-Ribes and Mangancy (1992), Nesime-Ribes, et
al. (1'393), and Hoyt and Schatten (1993).

Concerning the plasma output, wc have information on the variability of the
plasma output of the Sun; but have little notion of how it may couple to the lower
atmospherc and cause sensible changes, Geomagnetic activity shows a stecady increase
over the last fifty years, and this reflects both the level of activity in the solar wind
and variability of Earth)s inagnectosphere. Radionucleide data clearly show variation
in cosmic ray flux caused by changesintheoutput of solar plasina over the last seven
thousand ycars. These data show characteristic periodicitics of 208, 88, and 11 ycars.
Conversion oOf these radioisotope variabilities to sources and properties of the solar wind
and transient plasma cjcctions has not been donc;thercfore, the detailed connection to
activity as mecasurcd by sunspot occurrence remains in a qualitative state at this time.

Frohlich: It should aso be kept innind that the correlation between total irra-
diance and its surrogates depends on the phasc of the solar cycle, Models give different
results for diflerent phascs of solar cycle since the value of the slope and intercept calcu-
lated from lincar regression changes with the time during the solar cycle, even on ycarly
tiinc scale, How do wec know what is the right value of the intercept and slope when wce
extend the models back to the ] 7th century?

Lean: Current irradiance models extended back to the time of the Maunder
Minimun usc the a,b lincar regression cocflicicnts determined from the deercasing phase
of solarcycle 21.

White: One basic lmitation in the current extrapolations is the lack of data
covering many solar cycles: the data usedinthesc estimates covers only two solar
maxima and one solar minimun, at Lest. As such, the regression formulac describe only
the ’strength’ of two recent solar activity cycles and not any long- term variation in its
zero point,i.c., variability of the quiet stellar atmosphere undisturbed by cinergence of




strong magnetic fields at the visible surface.

b. Did the Maunder Minimun really occur?

This point is now moot becausc of the careful work of Dr.Ribes and her col-
lcagues in the study of the Paris Observatory archive for the period from 1640 to 1720.
This study of the daily obscrvations by Picard, La Hire, Cassini, and their successors
clearly establishes the basic character of the solar cycle in the period froin AD | 645
to Al)1715, within which nosunspots were recorded during extended periods despite
regular daily observation, Ribes and Nesme-Ribes (1 993), Ribes, et al. (1987), and
Nesme-Ribes, ct a. (1 989) give details of this analysis of the Paris Observatory archive.
In particular, between AD1690 and AD | 702 only onc spot was observed while an aver-
age of about 15 daily obscrvations per month were rccorded. This work gives the solar
theorist a quantitative description of the rate and location of magnetic flux emergence
and the change in solar rotation rate during this unique episode of solar history, Contin-
ucd examination of the historical record only strengthens the origina arguments made
by ¥ddy (197G) for the existence and importance of the Maunder Minimum episode, Its
identification in the 10Be¢ and 14C paleoclimmate records points to similar occurrences
inthe past and suggests its reality asa naturally occurring irregularity in the cyclic
variation of stars of the same age and mass as the sun.

Discussion:

White: Hoyt’s current re-examination of the quality of sunspot observations fromn
1610 to the present shows that the Maunder Miniinum period was well covered by other
observers throughout western Europe. A lack of solar observations did occur in the mid
18th century, well after the resumption of the solar cycle in AD171 O (sce the Hoyt and
Schatten paper at this meeting),

c. What arc the implications for the solar dynamo?

Clearly the niek Of sunspots for several decades and their occurrence in a narrow
latitude band ncar the solar equator (about -1-/-18 dcg latitude) is an extremum that
has to be allowed by a credible dynamo model. More imnportant mmay be the observation
that between 1660 and 1710 almost al of the sunspots emerged in the southern solar
hemisphere. The apparent incrcase in the degree of differential rotation on the Sun also
gives another observational constraint to the theory.

Discussion:

White :© Throughout this worksliop, several collc.agues (Nesme-Ribes, K rause,

Sokolofl, Kremliovsky) mentioned the potential iinportance of mixed parity’ dynamos
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in understanding the occurrence of sunspots in only one solar hemisphere. Scc Sokolofl
and Nesme-Ribes (1993) and papers given at this workshop by these colleagues. Ycriods
of large N-S asymmetry correspond to timnes of miniinum total magnetic energy produced
by the alpha-omega dynamo described by Brandenburg, Krause, and Tuominen (1989,
Turbulence and Nonlinear Dynamics, (Meneguzzi,et a. editors)),

White: We have to ask whether the toroidal solar dynamo operating at low
latitudes actually ccased generating magnetic field during this time , or were conditions
in the torus and the convection zone such that flux tubes did not rise to the visible
Sul’face of the sun?

d. Did the Maunder Minimmum really contribute to the Little Icc Age?

Since the Maunder Minimum lasts only about 70 years, the question arises about
its causal influence in the 300 year Little Icc Age, which lasted from AD1 550 to AD1850.
In his discussion, Bradley cautions not to oversimplify the Little Icc Age as a global
phenomena involving only the mean temperature or glacial advance. Our view is biased
by the picture in Europe where the most complete records exist, Thesc indicate that this
local climate was much harsher than today, a condition which did not apply worldwide,
He also points out the needto consider the change in volcanic activity and acrosol
production throughout this period and into the 20th century as another major factor

m climate modulation.
Discussion:

Ribes: The deepest part of the Maunder Miniimuin corresponded to periods of

extreme low temperature in Western Europe.

Parker: The Maunder Minimumn was uot the only solar excursion in this period.
Both the Dalton and Sporer Minima occurred in this time interval, i.e, a AD1 800 and
AD1500, respectively.

c. What about solar influence in the Medieval Warm Epoch (ADD1000-A 1D1250)7
Discussion:
White: Is there any question about the occurrence of the Medieval Warm ¥poch?

Bradley: In the report of the workshop devoted to this period, Malcolin Hughes
concludes that the moderated climmate observed in western Furope and castern North
America may not have occurred on aglobal scale. Thus, it is not possible to judge that

the mcan global temperature increased significantly.
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White: in the 14C and 10Be¢ tiine series shown at this meeting, 1 notice that
none of them yet extend earlier than about A1D1 500. Is there ally doubt about the
so-caled ‘Grand Maximum” of solar activity in the period from AD | 100 to AD 1300 in

the radionucleide record?

Raisbeck: ‘The earlier data arc available: wc did not show thein because the
analysisis not complete. Yes, the Grand Maximum is present in our new time series.

White: ‘I’his period is the example of a ‘positive’ extremumnin solar output as
opposed to the ‘negative’ extrema shown by Maunder Minima episodes of very low
solar activity, Althougli the Maunder Minima episodes appear to be easier to identify
and, thercfore, study as a isolated phenomenon; the positive extrema should not be
ignored. The 10Bc¢ level today is approaching the high levels seen in the 12th century as
pointed out by Jirikowic and Damon (1993); thercfore, characteristics of the AD | 100-
AD1300 period may indicate the direction of climate forcing by the sLm when the level
of solar activity remains high for many decades. However, Bradley’s caution at this
mecting about the Little Icc Age aso applies here, i.c., wc may not be dealing with a
global changes described simply by, say, the mcan global temperaturc or a single forcing
function strong cuough to drive the mean climate state above the natural variability of

the arth’s atmosphere.
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Figure Captions:

Fig. 1. Obscrvations of total solar irradiance by the Nimbus- 7/ERB | SMM/ACRIM I,
UARS/ACRIM 11, and EURECA /SOVAZ2 radiometers are plotted.

Fig. 2, Summary of the past and current irradiance obscrvations is presented. Forth-

coming irradiance observations of NASA and ESA arc aso indicated.

Fig.3.The upper panels show the power spectra of the SMM/ACRIM 1 total solar
irradiance for the time intervals of 1984-86 and 1987-89, rcspectively. The shaded areas
give the portion of the ACRIM variance explained by the PSl and the llc-line equivalent
width at 1083 nin,respectively. The lower panels show the total and partia coherences
squared,

Fig.4, The heavy lines show the 81-day running means of the Nimbus-7/ERB (a) as
well as the SMM/ACRIM | and UARS/ACRIMII (b) total solar irradiance corrected for
sunspot darkcuning. The solid lines represent the 81-day running means of the empirical
model of total solar irradiance corrected for sunspot darkening.



